We reexamine the density functional theory of laser-induced freezing, i.e., the freezing of a colloidal liquid into crystalline order in the presence of an external periodic modulating potential V , with its wave vectors tuned to the ordering wave vector in the liquid phase. We show definitively that the initial first order freezing transition (at small V,) changes to a continuous one (at large V,) via a tricritical point provided the modulation wave vectors are suitably chosen. We also present predictions for the parameter values of the tricritical points for a realistic colloidal system. Several years ago Chowdhury, Ackerson, and Clark [ 11 demonstrated the very interesting phenomenon of "laser induced freezing" in a 2D suspension of strongly interacting colloidal particles. Here the colloidal particles were subject to a 1D periodic modulating potential V , induced (via their polarizabilities) by a standing wave pattern of interfering laser fields. The wave vector of the modulation was tuned to be at the first peak in the direct correlation function (DCF) of the colloidal liquid in the absence of V,. Using light scattering experiments, Chowdhury and co-workers [ 11 then showed that the colloidal system responds to V , by forming a 2D (modulated) crystalline phase, with predominantly hexagonal order similar to that of the colloidal crystal obtained in the absence of V,.
Several years ago Chowdhury, Ackerson, and Clark [ 11 demonstrated the very interesting phenomenon of "laser induced freezing" in a 2D suspension of strongly interacting colloidal particles. Here the colloidal particles were subject to a 1D periodic modulating potential V , induced (via their polarizabilities) by a standing wave pattern of interfering laser fields. The wave vector of the modulation was tuned to be at the first peak in the direct correlation function (DCF) of the colloidal liquid in the absence of V,. Using light scattering experiments, Chowdhury and co-workers [ 11 then showed that the colloidal system responds to V , by forming a 2D (modulated) crystalline phase, with predominantly hexagonal order similar to that of the colloidal crystal obtained in the absence of V,.
Chowdhury and co-workers [l] also analyzed this phenomenon theoretically in terms of a simple LandauAlexander-McTague [2] theory. Using this, they concluded that the transition from the 1D modulated liquid phase (i.e., the liquid phase with weak modulation induced by V,) to the 2D (modulated) crystalline phase can be made continuous for sufficiently large laser fields. This, if true, would make for a fascinating critical phenomenon. However, while later studies using direct macroscopic observations [3] and Monte Car10 simulations [4] have confirmed the existence of laser induced freezing, their conclusions regarding the nature of the transition between the modulated liquid and the crystal have not been definitive.
In the past two decades the density functional theory (DFT) of freezing pioneered by Ramakrishnan and Yussouff [5] has been used extensively [6] to study liquidsolid transitions. The DFT, unlike the phenomenological Landau theories, is capable of predicting [7] the phase diagrams of experimental colloidal systems [8] without adjustable parameters. It is of obvious interest to ask what DFT has to say regarding the phenomenon of laser induced freezing. The only work that we know of in this direction is that of Xu and Baus [9] . They studied the DFT of a 3D hard sphere system with its DCF being modeled by the Percus-Yevick DCF, in the presence of a 3D simple-cubic modulating potential V , commensurate with the fcc lattice to which the system freezes in the absence of V,. However, their results seemed to indicate that the fluid to crystal transition remains first order no matter how large V , is, in contradiction to the results of Ref. [l] .
In this paper we reexamine the DFT for laser induced freezing, i.e., for a model colloidal system subject to an external periodic modulating potential V , with a lower symmetry than that of the crystalline phase of that colloid. We show dejinitively that, with increasing V,, the transition from the modulated liquid to the modulated crystalline phase changes from j r s t order to continuous via a tricritical point (TCP) provided certain conditions, stated below, are satisjed by the wave vectors of the modulating potential. We reestablish the conclusions of [l], but liberate them from the limitations of the Landau theory [1,2] (which, as we show, has no stable crystalline phase for large V,). Furthermore, we apply our theory to real colloidal systems and predict the parameter ranges for which they exhibit such continuous liquid -crystal transitions.
In order to understand the qualitative features of our DFT of real colloids, it is useful to consider first the simplest version of DFT, for an incompressible 2D liquid, which when V , = 0 freezes into a triangular lattice [ 1,101 with its six smallest reciprocal lattice vectors (RLV) {$I} = (0, 2 l)qo, (?A /2, 2 1/2)q0. Here qo, as is known from DFT, corresponds to the first peak of the liquid DCF c(*)(q). We take V , to be 1D modulated, with wave vectors { g i } -(0, 21)qo from this set {if"}. [5, 6, 11] and po is the density of the liquid. From symmetry considerations it follows that for the crystal with V,, the order parameters for the RLV set {glf)} will have one value, say, tf, and those for the rest of the RLV's in the smallest set Qualitatively similar results arise in a similarly sinplified DFT in 3D, if we take a V , which is 2 dimensional. Here, when V , = 0, the liquid freezes [ 
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For, if condition ( 2 ) is satisfied, it can be verified easily by expanding the In @ term in (1) that the Landau expansion for P F in powers of &d, given ti-# 0 (with lf treated nonperturbatively), has only even powers of Cd ; the coefficients, which we can compute numerically, are functions of -p V , and ci". As ~(12' and -p V , increase, the coefficient of the second-order term in this Landau expansion, Tz, changes sign and becomes negative, leading to an instability with respect to the formation of [ d . In the region of the parameter space where the fourth-order coefficient, T4, is positive, this leads to a continuous transition. However, if there is also a region of parameter space where TJ is negative (but T6 is positive), the continuous transition is preempted by a first-order transition. The TCP thus arises when both T2 and TJ become zero. In the 2D case, corresponding to Fig. 1 , we also show in the figure the lines along which T2 = 0 (marked by dashes) and T4 = 0 (marked by small squares).
To the left of the T4 = 0 line, where T4 is negative, the first-order transition (solid line) preempts the continuous transition. The T4 = 0 line meets the T2 = 0 line at the tricritical point. In this way we obtain the precise location of the tricritical points quoted earlier. It is easy to verify that the above condition is satisfied in the context of the modulations discussed above [ 131. Note in particular that in the 3D bcc case, a 1D set or any arbitrary 2D set for {iif'} picked out from {gp)} would not satisfy (2).
It is interesting at this point to compare the above phase diagram with that obtainable in the Landau theory of Chowdhury and co-workers [l] . For this purpose we expanded the conventional Ramakrishnan-Yussouff Hence the tricritical point is robust under the effect of finite compressibility, too. We have explicitly verified these conclusions by numerical calculations including the effects of the order parameters corresponding to wave vectors {&} near the second peak in d 2 ) ( q ) and 50. The resulting relocated TCP's are listed in Table I .
When cf) # -m, there is a change in density at the firstorder liquid -solid transition, but this decreases with increasing V , and vanishes at the TCP.
Finally, we discuss our DFT calculation of laser induced freezing in real colloidal systems [8] . For this purpose we considered the same experimental system as Monovoukas and Gast [15] for which the DFT phase diagram is known in the absence of V , [7] . The liquid state DCF for this system of charged colloidal particles with diameter 1334 8, and surface charge 880e was obtained from the rescaled mean spherical approximation of Hansen and Hayter [7, 8, 16 ] using the model Derjaguin-Landau-Verweg-Overveek potential [8] . We focused our attention on the portion of the phase diagram In conclusion, we have presented in this paper the results of a DFT for laser-induced freezing in colloidal systems which definitely predicts, for appropriately chosen modulation potentials, the existence of tricritical points and critical lines in the transition from the modulated liquid to the (modulated) crystal for large laser power. Such predictions are also borne out by our own recent Monte Carlo simulations [18] . We hope to report in the future on many other fascinating questions that can be asked about these critical points, namely their robustness with respect to the inclusion of fluctuation effects (especially in the 2D context), their light scattering characteristics, their universality class, etc. Meanwhile, our results suggest that experimental studies of colloidal systems with a view to investigating these issues would be of great interest. We may mention that the DFT presented here for laser induced freezing is rather general and should be applicable with some modifications to other situations of field induced ordering such as in ferrofluids, in electrorheological fluids, and in adsorbates on substrates (where the ordering is induced by the substrate potential).
